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1. INTRODUCTION 

About 70% of the earth's surface is covered with water and its influence is crucial in all respects. 
The last half-century of oceanographic research has shown that the ocean and the seabed hold the keys to 
understanding many of the processes responsible for the formation of our planet. Exploration of the marine 
environment has provided valuable knowledge to many fields of science and engineering [1]. For this, marine 
robotics has experienced phenomenal growth in various scientific, civil, and military applications. 
These applications include three main categories: inspection and surveying; seek and save; surveillance and 
security [2], [3]. 

Autonomous underwater robots normally have a torpedo shape and are capable of maneuvering 
autonomously without constant real-time control from the operator. Autonomous underwater robots can 
operate freely with the missions and control strategy configured in advance [4]. They are widely used in ocean 
engineering and are designed to be effective for long-range and large-scale survey missions [5]. 

Taking into account the various constraints of the surrounding environment, the non-linearity of the 
model, the uncertainties of the parameters linked to the autonomous submarine robot, and conventional linear 
type controls, in particular of the PID type [6], [7] have shown their limits. Faced with this situation, research 
has been carried out on the development of non-linear controls. One can cite among others the control by 
Backstepping, the control with variable structures, etc. The problem is to move the robot from a starting point 
to an ending point by following a heading trajectory, the sliding mode control is a control that presents much 
more important advantages because of its simplicity and its robustness [8], [9]. in the face of disturbances, 
uncertainties, and non-linearities of the system. However, this solution has drawbacks due to the phenomenon 
of chattering. To reduce this phenomenon, different techniques can be found in the literature, namely: the 
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solution of the introduction of a transition band around the sliding surface to transform the sign function into 
saturation, or the substitution of the sign function by others with softer variation, the use of the boundary layer, 
a solution based on higher-order sliding modes [10]—[12]. 

Backstepping offers a systematic method to find a control law, the idea of the latter is to design a 
regulator step by step, considering certain state variables as virtual commands [13]-[15]. The order is found 
from the final step. Unfortunately, this technique is based on the knowledge of the model, which presents a 
disadvantage, because a variation in the dynamic model can be interpreted directly by an increase in the 
tracking errors. The work presented in this article focuses on the synthesis of two nonlinear control techniques: 
Backstepping control and sliding mode control. We will discuss the simulation results of these two types of 
rules on the torpedo-type autonomous underwater robot to conclude at the end which type of control is the 
most appropriate and which gives the best behavior for our system studied in this article. 


2. MATHEMATICAL MODELING 

The equations of motion for underwater vehicles can be presented concerning a Body-fixed frame 
relative to an Earth-fixed frame represented by the Figure 1. The modeling of the autonomous underwater robot 
is done in two parts: kinematics and dynamics. The kinematic model deals with the geometric aspects of 
movement, and the dynamic model analyzes the effect of the forces and moments that generate the movements. 
the latter is modeled by five models: we have the dynamic model of a rigid body, the model of the actuators 
(thrusters and control surfaces), and because we are in an aquatic environment, we have two new models: the 
hydrostatic model when the robot is stationary in the water and the hydrodynamic model when the robot is 
moving in the water [5], [10], [16]. The nonlinear vehicle equation of motion is written as [5], [16]: 


J p 


CO) 
Locate reference 


Figure 1. The autonomous underwater robot and its representational landmarks 


eee =T (1) 
U7] = i c (n2)u 

With, M: are the inertia matrix of the dynamics system and the added water mass, C: is the matrix of 
applied and hydrodynamic Coriolis and Centrifuge forces, D: is the matrix of the damping forces, g: the vector 
of hydrostatic forces, I’: the vector of forces and moments generated by all of the robot's actuators. Hence, the 
global state vector is represented by: (y,v)=[x y z @ 0 Ww uv w p q rj’. With vector 7 
groups together x, y, and z being the three position components, the three orientation components are defined 
as follows: y: represents the yaw angle, o: represents the roll angle, and 0: represents the pitch angle. and vector 
v groups the velocity components of the robot. 

In this article, we are interested to study the behavior of the autonomous underwater robot in a yaw 
plane, so we only need the yaw angle (q), linear velocity (v) and angular velocity (7). Then we considered 
the other variable’s states as null. The mathematical model in the yaw plane is represented, from (1): 


—0.209 -0.605 0 0.145 
soars ee? 0 —0.152] 65 (2) 
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3. SLIDING MODE CONTROLLER 

Sliding mode control is part of the robust controller family. The importance of sliding mode 
controllers lies in: high precision, fast dynamic response, stability, simplicity of design and implementation, 
and robustness in the face of any variation of internal or external parameters [17], [18]. All these positive 
aspects of sliding mode control should not mask certain disadvantages [19]-[21]. The sliding mode controls 
proceed discontinuously, which leads to exciting all the frequencies of the system to be controlled, and 
therefore modes are not necessarily taken into account in modeling. Second, in most cases, the discontinuities 
of the control algorithm are managed directly on the actuators. If this organ is not designed for this type of 
oscillation, this risk leads to premature aging, and the system will be subjected at all times to a high control to 
ensure its convergence towards the desired state. 

The principle of control by sliding modes is to force the trajectories of the system to reach a given 
surface, a sliding surface, and remain there until equilibrium. This command is done in two stages [22]-[24] 
the convergence towards the surface and then the sliding along with it. The SMC control law consists of two 
additive parts. That is: 


U= Ueq + Uglis (3) 


with, Ue, : Nominal control, which is determined by the robot model, and ug); : Sliding part, which is useful 
to compensate for model uncertainties. The synthesis of the sliding mode control is done in three stages: 

— Choice of the sliding surface. 

— Establish the convergence condition. 

— To determine the law of control that makes it possible to reach the surface and remain there. 

The sliding surface can be defined in the error state-space form as follows: 

B 
F 


sQx) =[a@ B x)|Fl =S*%=S*(x- xq) (4) 
yp 


where a, f, and y are the sliding surface constants. 

The problem of following x — xq is the same as that of remaining on the surface s(x) for all the time 
t> 0. Indeed s(x) = 0 represents an equation, whose unique solution is (x — xq) = 0. In this way, the problem 
of following the desired vector xgis reduced to keeping s(x) as zero. The sliding surface s(x) must obey the 
next condition: S is chosen so that lims(x) > 0 and lims(x) — 0, assure the convergence of the error state 


space lim¥ > 0. The Lyapunov candidate function V(s) = <s(x) 2. represents the decay of the energy’s 
x->0 


system, and guarantees that the system state converges to the sliding surface if the following sliding condition 
is respected [25], [26]: 


V(s) = s(x) 8(x) < —nls(x) | (5) 
or, 

S(x) < —n?*sign(s(x) ) (6) 
differentiating the sliding surface (20), we obtain: 

S(x) = ST = S™(Ax + Bu—%q) < —n?sign(s(x)) (7) 
the sliding surface time derivative permits to express of the two parts of the control:ue,, and Ug;j,, with: 

u = —(S7B)~1ST Ax — (STB) 1ST &q — (STB) 1? sign(s(x)) (8) 
then, the control to apply to the system is deduced: 

US Ugg + Ugtisteg = —(S™B)*S™ Ax — (S?B) 1S Xq Ugis = —(S™B)*y?sign(s(x)) (9) 


in our case, the desired states are constant values, so xq = 0 . thus (9) becomes: 


Indonesian J Elec Eng & Comp Sci, Vol. 29, No. 1, January 2023: 252-260 


Indonesian J Elec Eng & Comp Sci ISSN: 2502-4752 im) 255 


Ueg = —(S™B)*STAx = —kx (10) ugus = —(S7™B)“*n?sign(s(x)) (10) 
finally, the sliding surface and the command are given by the expression: 


5, = (0.1052v + 0.0324r + 0.8693(W — Wa)) + 0.5sign(3v + 33r + 20(W — Wa)) (11) 


To reduce or eliminate the phenomenon of chattering, one will replace the term sign(s(x)) in the 
discontinuous part of the command with a softer variable term, like the hyperbolic tangent function tanh(s(x)), 
this function has the advantage of varying the switching bandwidth [5], [10]. In the next section, we think of a 
new control method that guarantees all the advantages of the sliding mode controller and eliminates the 
chattering phenomenon. this is the Backstepping control, one of the more advanced commands. 


4. BACKSTEPPING CONTROL 

In recent years, much progress has been made in the field of controlling non-linear systems. The 
backstepping technique is one of these breakthroughs in this field. It proposes a systematic synthesis method 
intended for the class of nonlinear systems having a triangular shape. It is based on the decomposition of the 
entire control system, which is a generally multivariable and high order, into a cascade of first-order control 
subsystems [13], [14]. For each subsystem, a so-called virtual control law is calculated. The latter will serve as 
a reference for the next subsystem until the control law for the complete system is obtained. Moreover, this 
technique has the advantage of keeping the nonlinearities useful for the performance and the robustness of the 
command, unlike the linearization methods. The determination of the control laws that results from this 
approach is based on the use of Lyapunov control functions. Backstepping command principle of operation 
[27]-[38]: 
— Definition of an error variable e = x — xq. 


ss ’ ; 1 
— Definition of a Lyapunov function from this error V(x) = 5 e?. 


— Determination of a virtual control variable x;. 
— Continue until you find the final command u. 
now we rewrite our system (2) in the triangular form, that is to say in the controllable companion form: 


py=rr=vv=—0.08625r — 0.778 + 6, (12) 


we apply the backstepping control to the model (12), 
Step 1: we define the first variable of the error e,, such as: 


=P ba > & =P-Ya=r— Wa (13) 
We choose the first Lyapunov function V,, such that: 


V, = =e? > V,=e,6 (14) 


for V, to be negative, it is necessary that: 


; 2 ; 2 ; 
V, S -a,ef > e,é; S -Mep Pe, S-Me, > 


r—Wq Saye, 7 = —a,e, + Wa =-Qptaypat Wa (15) 


the virtual control calculated in the first step will be considered as a reference for the following step. 
Step 2: we define the first variable of the error ez, such as: 


Qe =7T7—-my=rt+ aya pa-ba > 6, =t-ty=vtayr—aba—- a (16) 
we choose the first Lyapunov function V2, such that: 
Vp =+e? +262 > V, = 0,6, + en6, (17) 


for V, to be negative, it is necessary that: 


Vo < —a2e3 e2€, < —a,e? Se, <—-a,e. Svtayr—aypg— pq <—az,e, v= 
20, — GT + aa t Wa = —(a2 + ay) — aay + azaypg + (a, +a,)Pat a (18) 
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the virtual control calculated in the second step will be considered as a reference for the following step 
Step 3: we define the first variable of the error e3, such as: 


es =V—vg =vt (a, + a,)r + agayy — aa, Wa — (a2 + a1)ba — ba (19) 
its derivative is: 


3 =V—Vq = (aa, — 0.08625)r + (a, + a, — 0.778)v + 6, 
8,0, Pq — (a, +0, )Pa- Wa (20) 


We choose the first Lyapunov function V3, such that: 
om 1 2 1 2 1 2 ye F : ‘ 
V3 = Se toe tle = Vz = €1€, + €2€z + €363 (21) 
for V3 to be negative, it is necessary that: 


V3 < —aze3 > e3€, S —a3e? > 6, < —a3e3 


> 6, = —A3020,W — (a3a2 + A301 + a2a, — 0.08625)r 
—(a3 +a, +a, — 0.778)v + 03020,Wq + (3a, + Aza, + a2) Wa 
+(a3 +2 + a)Wa + Wa (22) 


finally, we find the numerical expression of the backstepping control: 


5, = —0.3750p — 1.53887 — 1.4720 + 0.3750pq + 1.6250~q + 2.25Wa + Wa (23) 


5. SIMULATION RESULTS 

In this section, we will present the results of the simulations of these two control laws, which we 
studied in the previous sections and are applied to the autonomous underwater robot system, to see what type 
of controllers will give us the advantage to improve the performance of the autonomous underwater robot. The 
objective of these simulation tests is to find a command which gives both better robustness in the face of 
parametric uncertainties and external disturbances and better convergence towards the desired trajectories of 
the autonomous underwater robot [10], [5]. The robot is considered to be on the surface, with zero initial 
conditions. The forward speed of the AUV is constant: u = ug = 2.2 m/s 


5.1. Noiseless simulation 

We note that the robot follows its desired trajectory with precision in the two commands studied in 
the previous sections Figure 2(a). we also note that the yaw rate is zero each time the robot reaches its desired 
trajectory Figure 3(b). Indeed, as long as the desired yaw is not reached, the control surfaces are saturated 
Figure. 3(a). We notice in the graph of the Yaw control surfaces that the chattering phenomenon is eliminated 
with the Backstepping control if it is compared with the graph of the control surfaces simulated by the sliding 
mode command. 


100 94 r ’ 
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_ Backstepping —~92 | \ » Backstepping | 
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Figure 2. Heading control (a) heading control of the robot and (b) heading control zoom 


Indonesian J Elec Eng & Comp Sci, Vol. 29, No. 1, January 2023: 252-260 


Indonesian J Elec Eng & Comp Sci ISSN: 2502-4752 ) 257 


- 20 

' SMC "sign" - SMC "sign" 
SMC "tanh" A —SMC “tanh” 
Backestep ping 10 ~Backstepping 


5, (deg) 
r (deg/s) 


ft) 2 40 60 80 100 0 20 40 60 80 100 
Time (s) Time (s) 
(a) (b) 


Figure 3. Rudder controls and yaw velocity (a) rudder controls the heading of the robot and 
(b) yaw velocity of the robot AUV 


We also notice the saturation of the yaw control surfaces which works by the sliding mode command, 
either with the sign function or the hyperbolic tangent function, if it is compared with the graph of the control 
surfaces which works by the Backstepping command. we can conclude here that the backstepping command 
that the steering consumes less energy to reach and follow its trajectory, it is understood with the sliding mode 
command consumes more energy from the batteries in its operation. We note that the backstepping control is 
somewhat faster in converging towards the desired behavior with a small difference in the time to reach the 
desired path if compared to the sliding mode control Figure 2(b). 


5.2. Simulation with noises 

We are interested in this part, in the test of the robustness of the sliding mode control and the 
Backstepping control previously developed, where we will impose a drag force on the movement of the robot 
(on the input of the system, i.e. on the control surfaces) in the horizontal plane, i.e. we apply a disturbing force 
p = 7sin(0.63t) at the instant t = 30 s. of course without forgetting that we will also add the parametric 
uncertainties of +20% to the hydrodynamic parameters. It can be seen that the robot follows its desired 
trajectory with precision, despite the presence of disturbing drag forces with the sliding mode control which 
uses the sign function as a saturation function Figure 4. On the other hand, the Backstepping control lost its 
precision during the presence of disturbing forces. we can say here that the sliding mode control has very good 
robustness in the rejection of disturbances. On the other hand, it can be seen from Table 1, that the Backstepping 
control always maintains its speed to achieve its desired trajectories. The robot is autonomous in its movement 
because it is charged with batteries and not connected to cables, which allows it to travel long distances, but 
these distances are determined by the battery and the time of its exhaustion. From this point of view, it is 
noticed from the simulation results that the yaw rudder controlled by Backstepping consumes less power, which 
ensures a good time for a long-distance segment before the battery runs out. This advantage is due to the 
absence of the chattering phenomenon in the design of the Backstepping control Figure 5. 
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Figure 4. Heading control with disruptive drag force (a) AUV robot heading control with disruptive drag 
force and (b) AUV robot heading control zoom with disruptive drag force 
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Table 1. A comparative study with the two commands applied to robots with noise by drag forces 


Control type Errorw —Wq Energy Convergence Robustness 
consumption time towards 
(W/s) the desired 
values (s) 
Sliding mode control 2.83e-03 400 30s Excellent 
with "sign" function 
Sliding mode control  1.01le-06 7.70e-13 30s Good 
with "tanh" function 
Backstepping control 5.53e-09 2.13e-20 18s Acceptable 
20 ; 
‘ SMC “sign” 
SMC “tanh” 
ee 10 Backstepping 
=] 
o® 
Ss 0} 
° ! 
= t 
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Figure 5. Rudder controls and Yaw velocity with disruptive drag force (a) Rudder controls the heading of 
the robot with disruptive drag force and (b) Yaw velocity of the robot AUV with disruptive drag force 


6. CONCLUSION 

Based on the dynamic model presented in section 2, we used several robust control techniques for 
heading control of an autonomous underwater robot with sliding mode and backstepping approaches. It can be 
noted that the control in sliding mode with the sign function consumes a lot of energy. Using the hyperbolic 
tangent function instead of the sign function in the sliding mode control greatly reduces the chattering effect. 
With the external noise added, we noticed the reappearance of the chattering effect in the control signal in 
sliding mode using the hyperbolic tangent function. The chattering effect is therefore not resolved. 
The implementation of the backstepping command of the autonomous underwater robot shows acceptable 
robustness in the face of external disturbances, but with such rapidity and precision in the convergence towards 
the desired heading. 

Finally, the parametric uncertainties and the external noise are better rejected by the sliding mode 
control laws. on the other hand, we can conclude that the backstepping controllers improve the minimization 
of the energy consumption of the system. In general conclusion, we find that the control by a sliding mode 
which uses the hyperbolic tangent function is the most suitable control for our underwater robot because of its 
good robustness and the energy consumption of the battery which was acceptable. For future work: it would 
be interesting to be able to use new hybrid controls, to improve the precision and the speed in the convergence 
on the desired trajectories, such as the control by integral backstepping. 


Indonesian J Elec Eng & Comp Sci, Vol. 29, No. 1, January 2023: 252-260 


Indonesian J Elec Eng & Comp Sci ISSN: 2502-4752 0 259 


REFERENCES 


{1 


[23] 


[24] 


[25] 


[26] 
[27] 
[28] 
[29] 
[30] 
[31] 
[32] 
[33] 


[34] 


P. S. Wilson, D. P. Knobles, and T. B. Neilsen, “Guest editorial An overview of the seabed characterization experiment,” JEEE J. 
Ocean. Eng., vol. 45, no. 1, pp. 1-13, Jan. 2020, doi: 10.1109/JOE.2019.2956606. 

R. Wang, S. Wang, Y. Wang, L. Cheng, and M. Tan, “Development and motion control of biomimetic underwater robots: a survey,” 
IEEE Trans. Syst. Man, Cybern. Syst., vol. 52, no. 2, pp. 833-844, Feb. 2022, doi: 10.1109/TSMC.2020.3004862. 

S. Chutia, N. M. Kakoty, and D. Deka, “A Review of underwater robotics, navigation, sensing rechniques and applications,” in 
Proceedings of the Advances in Robotics on - AIR ’17, 2017, pp. 1-6. doi: 10.1145/3132446.3134872. 

G. Antonelli, Underwater Robots, vol. 96. 2014. doi: 10.1007/978-3-319-02877-4. 

H. Abdellilah, “Modélisation et commande d’un robot sous-marins autonomes,” University of Science and Techno-logy of Oran, 
2016. 

T. Prestero, “Development of a six-degree of freedom simulation model for the REMUS autonomous underwater vehicle,” in 
MTS/IEEE Oceans 2001. An Ocean Odyssey. Conference Proceedings (IEEE Cat. No.01CH37295), 2001, vol. 1, pp. 450-455. doi: 
10.1109/OCEANS.2001.968766. 

D. B. Marco and A. J. Healey, “Command, control, and navigation experimental results with the NPS ARIES AUV,” JEEE J. 
Ocean. Eng., vol. 26, no. 4, pp. 466-476, 2001, doi: 10.1109/48.972079. 

X. Yu, Y. Feng, and Z. Man, “Terminal sliding mode control — an overview,” IEEE Open J. Ind. Electron. Soc., vol. 2, pp. 36-52, 
2021, doi: 10.1109/OJIES.2020.3040412. 

Z. Yan, M. Wang, and J. Xu, “Robust adaptive sliding mode control of underactuated autonomous underwater vehicles with 
uncertain dynamics,” Ocean Eng., vol. 173, pp. 802-809, Feb. 2019, doi: 10.1016/j.oceaneng.2019.01.008. 

H. Abdellilah, B. Mohamed, M. Abdellah, M. Youcef, and A. M. Réda, “Depth advanced control of an autonomous underwater 
robot,” Int. J. Model. Identif. Control, vol. 26, no. 4, p. 336, 2016, doi: 10.1504/ITMIC.2016.08 1134. 

P. S. Londhe and B. M. Patre, “Adaptive fuzzy sliding mode control for robust trajectory tracking control of an autonomous 
underwater vehicle,” Intell. Serv. Robot., vol. 12, no. 1, pp. 87-102, Jan. 2019, doi: 10.1007/s11370-018-0263-z. 

J. Spiewak, “Contribution a la coordination de flottille de véhicules sous-marins autonomes,” University Montpellier II, 2007. 

B. Elkinany, A. Mohammed, S. Krafes, and Z. Chalh, “Backstepping controller design with a quadratic error for a double inverted 
pendulum,” Int. J. Model. Identif. Control, vol. 34, no. 1, p. 33, 2020, doi: 10.1504/ITMIC.2020.108909. 

K. Zheng, Q. Zhang, Y. Hu, and B. Wu, “Design of fuzzy system-fuzzy neural network-backstepping control for complex robot 
system,” Inf: Sci. (Ny)., vol. 546, pp. 1230-1255, Feb. 2021, doi: 10.1016/j.ins.2020.08.110. 

D. Kucherov, A. Kozub, O. Sushchenko, and R. Skrynkovskyy, “Stabilizing the spatial position of a quadrotor by the backstepping 
procedure,” Indones. J. Electr. Eng. Comput. Sci., vol. 23, no. 2, p. 1188, Aug. 2021, doi: 10.1159 1/ijeecs.v23.i2.pp1188-1199. 
SNAME The Society of Naval Architects and Marine Engineers, Nomenclature for Treating the Motion of a Submerged Body 
Through a Fluid, vol. 1-5. 1950. [Online]. Available: http://kom.aau.dk/~nickoe/random/Sname 1950.PDF 

C. Edwards and S. Sarah K., Sliding mode control, theory and applications. 1998. 

B. W. Bekit, J. F. Whidborne, and L. D. Seneviratne, “Fuzzy sliding mode control for a robot manipulator,” in Proceedings 1997 
IEEE International Symposium on Computational Intelligence in Robotics and Automation CIRA’97. “Towards New Computational 
Principles for Robotics and Automation,” pp. 320-325. doi: 10.1109/CIRA.1997.613875. 

J. Wang, C. Wang, Y. Wei, and C. Zhang, “Neuroadaptive Sliding Mode Formation Control of Autonomous Underwater Vehicles 
With Uncertain Dynamics,” IEEE Syst. J., vol. 14, no. 3, pp. 3325-3333, Sep. 2020, doi: 10.1109/JSYST.2019.2938315. 

D. Fryxell, P. Oliveira, A. Pascoal, C. Silvestre, and I. Kaminer, “Navigation, guidance and control of AUVs: An application to the 
MARIUS vehicle,” Control Eng. Pract., vol. 4, no. 3, pp. 401-409, Mar. 1996, doi: 10.1016/0967-0661(96)00018-4. 

N. M. Sarif, R. Ngadengon, H. A. Kadir, M. H. A. Jalil, and K. Abidi, “A discrete-time terminal sliding mode controller design for 
an autonomous underwater vehicle,” JAES Int. J. Robot. Autom., vol. 10, no. 2, p. 104, Jun. 2021, doi: 10.1159 1/ijra.v 10i2.pp104- 
113. 

X. Liu, M. Zhang, J. Chen, and B. Yin, “Trajectory tracking with quaternion-based attitude representation for autonomous 
underwater vehicle based on terminal sliding mode control,” Appl. Ocean Res., vol. 104, p. 102342, Nov. 2020, doi: 
10.1016/j.apor.2020. 102342. 

Y. Yang, Y. Xiao, and T. Li, “A survey of autonomous underwater vehicle formation: performance, formation control, and 
communication capability,’ JEEE Commun. Surv. Tutorials, vol. 23, no. 2, pp. 815-841, 2021, doi: 
10.1109/COMST.2021.3059998. 

S. A. Rahmah, E. H. Binugroho, R. S$. Dewanto, and D. Pramadihanto, “Velocity control of ROV using modified integral SMC with 
optimization tuning based on Lyapunov analysis,” TELKOMNIKA (Telecommunication Comput. Electron. Control., vol. 18, no. 3, 
p. 1505, Jun. 2020, doi: 10.12928/telkomnika.v18i3.14781. 

A. Idir, A. Ahriche, K. Khettab, Y. Bensafia, and M. Kidouche, “Real time simulation of sensorless control based on back-EMF of 
PMSM on RT-Lab/ARTEMIS real-time digital simulator,” Int. J. Adv. Appl. Sci., vol. 8, no. 4, p. 269, Dec. 2019, doi: 
10.1159 L/ijaas.v8.i4.pp269-278. 

F. Mohd Zaihidee, S. Mekhilef, and M. Mubin, “Robust speed control of PMSM using sliding mode control (SMC)—a review,” 
Energies, vol. 12, no. 9, p. 1669, May 2019, doi: 10.3390/en12091669. 

E. Boutaina, A. Mohammed, and C. Zakaria, “Roll angle dynamic control of unicycle robot using backstepping controller and 
sliding mode controller,” /nt. J. Model. Identif. Control, vol. 36, no. 4, p. 290, 2020, doi: 10.1504/IJMIC.2020.117489. 

Z. Chu, X. Zhang, and D. Zhu, “Three-dimensional trajectory tracking control of underactuated autonomous underwater vehicles,” 
Int. J. Veh. Des., vol. 84, no. 1/2/3/4, p. 28, 2020, doi: 10.1504/IJVD.2020.115840. 

M. Zadehbagheri, M. J. Kiani, T. Sutikno, and R. A. Moghadam, “Design of a new backstepping controller for control of microgrid 
sources inverter,” Int. J. Electr. Comput. Eng., vol. 12, no. 4, p. 4469, Aug. 2022, doi: 10.1159 1/ijece.v1214.pp4469-4482. 

X. Yang and X. Zheng, “Adaptive NN backstepping control design for a 3-DOF helicopter: theory and experiments,” JEEE Trans. 
Ind. Electron., vol. 67, no. 5, pp. 3967-3979, May 2020, doi: 10.1109/TIE.2019.2921296. 

H. E. Glida, L. Abdou, A. Chelihi, C. Sentouh, and S.-E.-I. Hasseni, “Optimal model-free backstepping control for a quadrotor 
helicopter,” Nonlinear Dyn., vol. 100, no. 4, pp. 3449-3468, Jun. 2020, doi: 10.1007/s11071-020-05671-x. 

G. Yu, D. Cabecinhas, R. Cunha, and C. Silvestre, “Nonlinear backstepping control of a quadrotor-slung load system,” JEEE/ASME 
Trans. Mechatronics, vol. 24, no. 5, pp. 2304-2315, Oct. 2019, doi: 10.1109/TMECH.2019.2930211. 

J. Zhang, D. Gu, C. Deng, and B. Wen, “Robust and adaptive backstepping control for hexacopter UAVs,” IEEE Access, vol. 7, pp. 
163502-163514, 2019, doi: 10.1109/ACCESS.2019.295 1282. 

S. A. Siffat, I. Ahmad, A. Ur Rahman, and Y. Islam, “Robust integral backstepping control for unified model of hybrid electric 
vehicles,” IEEE Access, vol. 8, pp. 49038-49052, 2020, doi: 10.1109/ACCESS.2020.2978258. 


Heading control of an autonomous underwater robot ... (Hattab Abdellilah) 


260 0 ISSN: 2502-4752 


[35] J. Wang, C. Wang, Y. Wei, and C. Zhang, “On the fuzzy-adaptive command filtered backstepping control of an underactuated 
autonomous underwater vehicle in the three-dimensional space,” J. Mech. Sci. Technol., vol. 33, no. 6, pp. 2903-2914, Jun. 2019, 
doi: 10.1007/s 12206-019-0538-0. 

[36] Y. Zhang, J. Gao, Y. Chen, C. Bian, F. Zhang, and Q. Liang, “Adaptive neural network control for visual docking of an autonomous 
underwater vehicle using command filtered backstepping,” Int. J. Robust Nonlinear Control, vol. 32, no. 8, pp. 4716-4738, May 
2022, doi: 10.1002/rnc.6051. 

[37] A. Hernandez-Sanchez, I. Chairez, A. Poznyak, and O. Andrianova, “Dynamic motion backstepping control of underwater 
autonomous vehicle based on averaged sub-gradient integral sliding mode method,” J. Intell. Robot. Syst., vol. 103, no. 3, p. 48, 
Nov. 2021, doi: 10.1007/s10846-021-01466-3. 

[38] Z. Xu, S. X. Yang, S. A. Gadsden, J. Li, and D. Zhu, “Backstepping and sliding mode control for AUVs aided with bioinspired 
neurodynamics,” in 2021] IEEE International Conference on Robotics and Automation (ICRA), May 2021, pp. 2113-2119. doi: 
10.1109/ICRA48506.2021.9561367. 


BIOGRAPHIES OF AUTHORS 


Hattab Abdellilah © £4 ES © born in 1978 in Oran. He obtained his university degree in 
applied studies in biology in 2003 from the University of Oran (Algeria), his engineer in 
automatic engineering in 2005 from the University of sciences and technologies of Oran 
(Algeria), and magister in automatic engineering from the ENSET of Oran in 2009 and his 
doctorate in automatic in 2016 from the University of Sciences and Technologies of Oran 
(Algeria). He is currently a class B lecturer at the University of Science and Technology of 
Oran (Algeria). His main areas of interest are robust control, autonomous robot, and advanced 
systems control. He can be contacted at email: abdellilah.hattab@ univ-usto.dz. 


Yahiaoui Kamel ‘© £4 ES 5 bor in 1975 in Oran. He obtained his engineer in electronic 
engineering in 1997 from the University of sciences and technologies of Oran (Algeria), and 
magister in electronic engineering from the University of sciences and technologies of Oran 
(Algeria) in 2005. He is currently a class A assistant professor at the University of Science 
and Technology of Oran (Algeria). His main areas of interest are autonomous systems and 
microcontrollers. He can be contacted at email: kamel.yahiaoui @univ-usto.dz. 


Indonesian J Elec Eng & Comp Sci, Vol. 29, No. 1, January 2023: 252-260 


